INTRODUCTION
Hyperpolarization-activated cyclic nucleotide modulated channel (HCN) subunits are encoded by the HCN1-4 gene family and form the molecular substrate of I H currents that regulate resting membrane potential and excitability in the brain and heart (Santoro et al., 1998; Robinson & Siegelbaum, 2003; Wahl-Schott & Biel, 2009) . Each HCN channel is formed by a tetrameric complex of subunits with both homo-and heteromeric channels being suggested (Biel et al., 2009) . All four subunits are expressed in the brain, but studies show that they differ in activation kinetics (HCN1: fast, HCN2: intermediate, HCN3&4: slow), voltage-dependent activation (half-activation voltages for HCN1: -70mV, HCN2: -95mV, HCN3: -85mV, HCN4: -100mV) and the depolarizing shift in activation voltage mediated by cyclic nucleotide modulation (HCN2&4: most sensitive, HCN1&3: less sensitive) (Robinson & Siegelbaum, 2003; Biel et al., 2009; Wahl-Schott & Biel, 2009; Shah, 2014) . These findings are mainly based on research using cell expression systems, but there is increasing evidence that site-specific accessory subunits, local kinase and/or phosphatase activity also contribute to shaping the characteristics of I H currents in native neurons (Santoro et al., 2009; WahlSchott & Biel, 2009) . It is therefore essential to study HCN kinetics and modulation in native neurons with intact intracellular signalling.
Throughout the nervous system, synaptic activity can generate nitric oxide (NO). This messenger molecule is involved in the regulation of synaptic transmission and neuronal function (Garthwaite, 2008; Steinert et al., 2008; Steinert et al., 2011; Hardingham et al., 2013) through binding of NO to its receptor, guanylyl cyclase (sGC), and subsequent production of cGMP. NO-cGMP signalling could regulate native HCN-mediated currents directly through changes in cGMP concentrations, or indirectly through effects on cGMP-dependent protein kinases or phosphodiesterases. Cyclic nucleotides (cAMP, cGMP) and NO modulate HCN channel activity in many brain areas (Pape & Mager, 1992; Ingram & Williams, 1996; Garthwaite et al., 2006; Wilson & Garthwaite, 2010; Neitz et al., 2011; Neitz et al., 2013) . The medial nucleus of the trapezoid body (MNTB) expresses exclusively HCN2 and sends inhibitory projections to the HCN1 expressing medial and lateral superior olives (MSO, LSO), and to the superior paraolivary nucleus (SPN) which expresses both HCN1 and HCN2 subunits. We seek to examine HCN subunit-specific roles in neuronal signalling by exploiting the distinctive patterns of HCN1 and HCN2 expression across the superior olivary complex (SOC) (Koch et al., 2004) . The large amplitude of I H currents (surpassing those of CA1 neurons by 10-fold) increases the reliability of observing modulatory effects, and use of HCN1-KO mice allowed differentiation between NO modulation of HCN1 and HCN2 subunits.
The results show that NO suppresses HCN1-mediated I H currents by a guanylyl cyclase independent negative shift in the voltage-dependence of activation; and simultaneously facilitates HCN2-dominated I H currents by a GC-dependent positive shift in activation. For neurons that express both HCN1 and HCN2, the net effect is to slow I H kinetics and increase the I H contribution to resting access resistances were <10 MΩ and series resistances were routinely compensated by 70%. All voltages were corrected for an 11mV liquid junction potential. The amplitudes of the I H currents were measured during a hyperpolarizing voltage command as the difference between the instantaneous current and the sustained currents. Activation kinetics of I H were voltage-dependent, and fitted by a double exponential function, dominated by the fast component.
Activation in the HCN1-KO was much slower and was well fit by a single exponential function with similar values to the slow time constant of the wild-type data. Voltage-dependent half-activation was determined by fitting a Boltzmann function to the plot of the conductance ratio (G/Gmax) vs. the applied voltage.
Immunohistochemistry. Methods were adapted from Kopp-Scheinpflug et al. (2011) . Briefly, male or female adult mice (P30-60) wild-type or neuronal nitric oxide synthase knockout mice (nNOS-KO, lacking exon 6) (Gyurko et al., 2002) on a CBA/Ca background, were decapitated and their brainstems rapidly frozen in Lamb OCT embedding matrix (ThermoFisher Scientific, Waltham, MA, USA). Transverse, 12 µm-thick tissue sections were prepared on Menzel-Gläser Polysine slides using a cryostat (Microm HM 560; both ThermoFisher Scientific). For HCN1 and HCN2 labelling, sections were fixed in 4 % PFA diluted in PBS (25 min at 4 ˚C). Sections to be stained for nNOS were exposed to 99.8 % methanol (10 min, -20 ˚C) instead of PFA since this procedure was found to yield superior antibody specificity in separate experiments (unpublished data). Sections were then washed for 5 min, 3 times in PBS containing 0.1 % triton X-100 (PBS-T) and blocked in PBS-T plus 1 % BSA and 10 % normal goat serum (1 h at room temperature; serum concentrations were tripled for nNOS staining; Vector Labs, Burlingame, CA, USA). Washes with PBS-T were repeated and the antibodies for nNOS (1:1000; SC-648, Santa Cruz; Dallas, TX, USA), HCN1 (1:500; APC-056, Alomone, Jerusalem, Israel) or HCN2 (1:1000; APC-030, Alomone) diluted in blocking solution, were applied for 18-20 h at 4 ˚C in a humid environment. Control sections for the selectivity of the secondary antibodies received blocking solution minus antisera. Sections were then washed for 10 min, 3 times in PBS-T and incubated with Alexa Fluor 488 goat anti-rabbit IgG (1:1000 in blocking solution; Life Technologies, Carlsbad, CA, USA) for 1 h at room temperature in the dark. Washes were repeated and sections were counterstained (DAPI, Vector Labs), mounted and photographed using a Leica DM2500 fluorescence microscope (Leica, Wetzlar, Germany. Photographs are representative of data from at least 2 sections from each of 3 animals. Experimental and control sections were prepared, stained and photographed in parallel and while the experimenter was blinded to genotype. Control and experimental photos were adjusted equally for brightness and contrast using Adobe Photoshop (Adobe, Mountain View, CA, USA). 
Statistics

RESULTS
Mouse SOC neurons express HCN1, HCN2 and nNOS.
The SOC includes the medial nucleus trapezoid body (MNTB) and its target nuclei, the medial and lateral superior olives (MSO and LSO) and the SPN. Immunohistochemistry for HCN1 and HCN2 in the mouse SOC revealed a distinct distribution for each subunit that was consistent with the kinetics of I H measured in each nucleus and previous findings about the distribution of HCN1 and HCN2 in the rat (Koch et al. 2004) . HCN1 immunofluorescence (green in Fig. 1A ) was intense in cell bodies and fibres that were predominant in those nuclei with the fastest I H (MSO and LSO), moderate in SPN and absent where I H exhibits slow kinetics (MNTB). The specificity of this immunofluorescence for HCN1
was verified previously using HCN1 knockout tissue (Kopp-Scheinpflug et al. 2011) . In contrast to the HCN1 antibody, the HCN2 antibody, which generates comparable labelling in wild-type and HCN1
knockout tissue (Kopp-Scheinpflug et al. 2011 ) strongly stained MNTB neuron soma (Fig. 1B) . The LSO and SPN were also immunopositive for HCN2, but unlike in the MNTB, HCN2 labelling in LSO and SPN was concentrated in the neuropil (Figs. B i and B iii ) . No expression of HCN3 or HCN4 was observed in SOC neurons, while some minor staining of HCN4 was observed in axonal tracts (data not shown). Overall this is consistent with immunohistochemical localization in the rat (Koch et al., 2004; Notomi & Shigemoto, 2004) and the focus of this paper on somatic currents mediated by HCN1 and HCN2.
-Insert Figure 1 about here-
In neurons, NO is generated by nNOS and consistent with previous findings in hamster (Reuss et al., 2000) , gerbil and mouse (Yassin et al., 2014) , immunofluorescence for nNOS was observed in neuronal soma throughout the MNTB and SPN, as well as in fibres and neuropil throughout MNTB, SPN, MSO and LSO ( Fig. 2A) . The specificity of the antibody staining for nNOS was validated here by the absence of immunostaining in tissue from nNOS-KO mice (Fig. 2B ). Figure 2 about here-NO modulates ionic conductances in SOC neurons without changing the overall firing pattern.
-Insert
MNTB neurons send inhibitory projections to the LSO, the MSO and the SPN. In the target neurons this inhibition hyperpolarizes the membrane and activates I H . MNTB neurons are also known to generate NO upon synaptic activity (Steinert et al., 2008) . To investigate the effect of NO on I H in each nucleus, whole-cell patch-clamp recordings were obtained from neurons of the mouse SOC before and during bath application of an 100µM) . In response to 200ms depolarising current injections (Fig. 3A , black traces) all SOC neurons responded with one or more action potentials according to their established firing properties (Brew & Forsythe, 1995; Barnes-Davies et al., 2004; Scott et al., 2005; Felix et al., 2011; Kopp-Scheinpflug et al., 2011) . The response to sustained outward current injections (200ms duration) shows a rapid initial hyperpolarization, followed by the classic 'sag' in membrane potential that is indicative of the presence of I H (Fig. 3A, blue traces). In contrast to the large sag observed in MSO and LSO neurons, in SPN neurons the sag was more moderate and of slower time-course, while MNTB neurons exhibited the slowest and smallest amplitude sag. The ratio between the peak hyperpolarisation and the membrane potential after 100ms (R1, Fig. 3A top left) and 200ms (R2, Fig. 3A top left) has been used to quantify the sag and evaluate the contribution of HCN1-vs. HCN2-mediated currents to I H (Nolan et al., 2007) An initial estimation of the degree to which HCN channels were affected by NO was achieved by monitoring current-clamp changes in the voltage sag before (Fig. 3C , grey traces) and during NO exposure (Fig. 3C , blue traces). Activation of nitrergic signalling reduced the magnitude and slowed the time-course of the 'sag' in MSO, LSO and SPN neurons ( Fig. 3C ) but not in MNTB neurons.
Following NO exposure the R-ratios were now similar across all four nuclei (MSO: 0.021 ±0.004, n=5; LSO: 0.019 ±0.004, n=5; SPN: 0.025 ±0.005, n=9; MNTB: 0.028 ±0.004, n=4; p=0.705; Fig. 3D) implying NO-mediated suppression of a fast HCN1-mediated component in the MSO, LSO and SPN. In order to test the hypothesis that NO selectively supresses HCN1-mediated currents, we focused on MSO neurones, which show a strong HCN1 contribution (Fig 3) and compared these data with I H measurements from HCN1-KO mice. Under voltage-clamp, control MSO I H currents activated quickly upon hyperpolarization to voltages only slightly negative to the resting membrane potential (Fig. 4A Fig. 4E ).
We controlled for rundown over time, with recordings made over a 25 min time-course, that showed no significant change in half-activation voltage.
-Insert Figure 4 about here-
The fast activation time-constant of I H under control conditions is indicative of a strong contribution of HCN1 subunits in the MSO, corroborating our immunohistochemical results (Fig. 1) . Fig. 4F ).
-Insert Figure 5 about here-NO depolarizes activation of HCN2-mediated currents in a cGMP-dependent manner.
MNTB neurons are characterized by exclusive HCN2 expression ( Fig. 1) , consistent with the slow sag in membrane potential during hyperpolarisation (Fig. 3) The finding that NO hyperpolarized the V 1/2 of HCN1 channels (Fig. 4) Fig. 7C ). The same pattern of results was observed for LSO I H currents (Fig. 7 E-H ).
-Insert Figure 7 about hereOur data suggest that NO modulation of HCN2 channels is mediated via activation of NO-targeted guanylyl cyclase followed by generation of cGMP ( (Fig. 9A) . The current threshold for AP generation was significantly lower in the MSO (but was unchanged elsewhere, Fig. 9B ). Action potential firing at threshold in response to depolarizing current injection was unchanged, but rebound firing following hyperpolarizing current steps was reduced in the SPN (Fig. 9D ) during NO perfusion.
We conclude that NO exerts subunit-specific modulation of HCN1 and HCN2 channels by acting through cGMP -independent and -dependent mechanisms respectively, thereby providing a graded modulation of I H to slow membrane time-constants and hence increased temporal integration.
Insert Figure 9 around here -
DISCUSSION
We have exploited the differences in endogenous expression between nuclei of the SOC to examine the subunit-specific signalling modulation of native I H currents by NO. HCN1 and HCN2 subunits are expressed widely in the central nervous system (Shah, 2014; He et al., 2014) . HCN1 is highly expressed in specific neuron types in cortex, cerebellum, hippocampus and brainstem (Moosmang et al., 1999; Koch et al., 2004) and HCN1-dominated currents have fast kinetics, are active at resting membrane potentials and often found in fast-spiking interneurons. In contrast, HCN2-mediated I H currents activate more slowly and at more negative voltages (Santoro et al., 2000; Aponte et al., 2006; Wahl-Schott & Biel, 2009 ) so contributing less to resting conductances. Here we argue that the presence of HCN1 subunits provides an opportunity for activity-dependent suppression of I H currents via NO signalling. In contrast, the slower HCN2-dominated I H currents are enhanced by NO.
Downstream of NO, HCN1-mediated currents are suppressed in a cGMP-independent manner while HCN2-mediated currents are enhanced via the NO-receptive guanylyl cyclase/cGMP pathway.
Modulation of HCN1
A major function of HCN1 channels is to increase membrane conductance and thereby accelerate or control the membrane time constant in a localised region of a neuron (Pape & McCormick, 1989; Maccaferri & McBain, 1996; Gasparini & DiFrancesco, 1997; Kopp-Scheinpflug et al., 2011) . HCN1 channels are abundantly expressed in hippocampal and cortical pyramidal neuron dendrites where they serve to dampen excitability around threshold and modulate the propagation and integration of synaptic potentials, especially those originating from remote sites (Magee, 1998) . In cerebellar Purkinje neurons conditional deletion of HCN1 decreased I H currents and slowed the recovery of the membrane potential following IPSP trains, without changing EPSP kinetics (Rinaldi et al., 2013) . This is consistent with a role for HCN1 in regulating integration at hyperpolarized potentials, be that mediated by IPSPs or by hyperpolarising after-potentials (AHP). If HCN1 is suppressed (e.g. by NO), the balance between IPSP and EPSP integration would favour inhibition, which switches from phasic to tonic and the recovery of the membrane potential after an action potential would be prolonged. This could contribute to mechanisms of anaesthetics such as propofol, isoflurane and halothane which have been reported to suppress HCN1-containing channels (Chen et al., 2005a; Chen et al., 2005b; Chen et al., 2009 ).
The modulation of HCN1 by NO observed here, was independent of the classic NO/cGMP pathway. Other mechanisms for regulation of HCN1 could involve channel auxiliary subunits, such as et al., 1993) which would be independent of cGMP.
Modulation of HCN2
I H currents with slow kinetics, such as in MNTB or in neurons of the deep cerebellar nucleus (DCN), activate at rather negative voltages and are modulated by cAMP, indicative of HCN2 (Banks et al., 1993; Chen et al., 2005b) . HCN2 channels are also sensitive to cGMP, raising the potential for their modulation by an NO/guanylyl cyclase-coupled mechanism (Wilson & Garthwaite, 2010) . ATP is typically included in patch solutions, which as suggested by Wilson and Garthwaite (2010) could inhibit NO-activated guanylyl cyclase activity (Roy et al., 2008) . We did not add ATP to the intracellular patch pipette solution and we could observe NO/cGMP mediated modulation of the HCN2 dominated I H in MNTB neurons. Consistent with this result, cGMP-dependent depolarization of I H activation was reversed when the NO-cGMP pathway was disrupted in guanylyl cyclase (NO receptor) knockout mice, resulting in more negative activation voltages (Neitz et al., 2011; Neitz et al., 2013 ).
Functional Consequences of I H modulation
NO is generated in neurones by nNOS upon glutamatergic synaptic transmission (Garthwaite, 2008; Steinert et al., 2008; Steinert et al., 2011; Hardingham et al., 2013) . We have shown that NO signalling can activate or suppress I H currents by cGMP-dependent or -independent mechanisms contingent on the channel subunit composition: HCN1-mediated currents are suppressed by NO, while HCN2-mediated currents are enhanced by NO. cGMP-independent mechanisms of I H modulation have been observed previously in hypoglossal motoneurons (Wenker et al., 2012) .
nNOS is associated with postsynaptic densities (Brenman et al., 1996) and is widely distributed in the brain, as are HCN1 and HCN2 subunits (Notomi & Shigemoto, 2004) . The localisation of HCN1 and HCN2 to somatic, dendritic or even axonal and synaptic compartments is highly controlled (Cuttle et al., 2001; Huang et al., 2012; Shah, 2014; Huang & Trussell, 2014 ) and the ability of I H to increase or decrease neuronal excitability strongly depends on their subcellular location. At dendritic locations, where nNOS resides, local I H currents regulate the membrane time constant and thereby control temporal summation, while somatic I H depolarizes the resting membrane potential and determines threshold for action potential firing (Magee, 1999; Poolos, 2010; Shah, 2014) . Dendritic I H stabilizes the integrative properties of the neurons to ensure an input/output function that is independent from the cells' previous firing activity (Nolan et al., 2003) . However, activity-dependent firing is important to establish different forms of plasticity. I H tunes this equilibrium: activation renders the neuron less dependent on firing history while suppression enables plasticity; such that for example, the loss of dendritic I H currents in hippocampal CA1 neurons or cerebellar Purkinje neurons causes enhanced stability of place fields (Giocomo et al., 2011; Hussaini et al., 2011) . Suppression of I H currents, as occurs during prolonged synaptic stimulation, will produce a net hyperpolarization that can reduce dendritic filtering, remove location-dependent variability in temporal integration and thereby enhance synchronization of firing across neuronal populations (Magee, 1999 (Magee, , 2000 . Facilitation of spatial learning and memory via suppression of HCN1 (Nolan et al., 2004) has not been linked to a physiological signalling cascade, but the results reported here suggest the hypothesis that NOmediated suppression of HCN1 could fulfil this role.
Differential role of HCN1 versus HCN2 in the auditory nuclei
In auditory brainstem neurons I H currents are many fold larger in amplitude than elsewhere in the brain (Golding et al., 1999; Koch & Grothe, 2003; Leao et al., 2006; Felix et al., 2011; KoppScheinpflug et al., 2011) and are often paired with low-voltage activated potassium currents (I KL ) which mediate an opposing outward current (Cao & Oertel, 2011; Khurana et al., 2011; Golding & Oertel, 2012; Khurana et al., 2012) . These two conductances are active at resting membrane potentials, serving to lower input resistances and regulate the threshold and firing patterns of many auditory brainstem neurons. Their action also generates very fast membrane time-constants which limit temporal summation and favour coincidence detection.
In the brainstem of WT CBA/Ca mice neurons possess I H currents with distinct kinetics (fast and slow). HCN1-KO mice lack a fast kinetic component and the remaining I H has slow kinetics similar to I H currents mediated by HCN2 subunits. NO has distinct modulatory actions on these two I H kinetic components: the first is independent of modulation by cGMP, shifting the fast HCN1 activation to the left (so it is less effectively activated). The second is a cGMP-dependent rightward shift in the activation kinetics of the slow HCN2 dominated I H . Together these observations are consistent with the hypothesis that native HCN1 channels are homomeric. The I H current remaining in the HCN1 knockout is consistent with the kinetics of an HCN2 current (perhaps including HCN4 subunits) and suggests the hypothesis that the dual expression and independent differential modulation of HCN1-versus HCN2-containing channels then allows switching between two distinct kinetic forms of the I H current (fast and slow) rather than formation of heteromeric assemblies with intermediate properties.
If unopposed by I KL , I H will depolarize the membrane potential and deactivate. In contrast, suppression of I H currents will produce a net hyperpolarization pushing the membrane potential further from action potential threshold (Liu et al., 2014) . Indeed blockade of I H in auditory neurons causes a reduction in excitability in vivo (Shaikh & Finlayson, 2003) . In the mammalian auditory system moderate firing rates are able to drive nNOS-positive neurons in the MNTB sufficiently to generate NO, suggesting that NO signalling is active during normal physiology with increasing importance at more intense stimuli (Steinert et al., 2008; Steinert et al., 2011) . In the MNTB, low acoustic background conditions (corresponding to low NO levels) will only activate I H and I KL during or following an action potential. As the background activity increases, temporal summation will be limited, to ensure typical single action potential responses and entrainment to high stimulus frequencies. Increasing synaptic activity will initiate NO signalling in HCN2-dominated MNTB neurons leading to enhanced I H currents at resting membrane voltages (see Fig.   6 ). The I H -induced depolarisation will recruit I KL at rest so that together the two conductances will decrease the duration of synaptic potentials and guarantee that only large, fast EPSPs will evoke action potentials. NO signalling also shifts the set of potassium conductances available to MNTB neurons from domination by Kv3 to Kv2 channels (Steinert et al., 2011 et al., 2012) . On the other hand, an activity-dependent loss of HCN1 would enhance plasticity as suggested in the hippocampus and entorhinal cortex (Nolan et al., 2004; Giocomo et al., 2011; Hussaini et al., 2011) . Overall, increased neuronal firing activity augments the contribution of NO-signalling, which suppresses HCN1-mediated currents and enhances HCN2-mediated currents. With HCN1 current activation shifted to the far left, a depolarizing (rightward) shift of HCN2 currents would cause greater activation at resting membrane potentials and shift overall I H kinetics from fast to slow. In contrast, reduced acoustic input would cause a rapid decline of NO signalling (Steinert et al., 2011) Significance was assessed by one-way ANOVA or Kruskal-Wallis one-way ANOVA on Ranks. FIGURE 9.
